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Abstract: Recent experimental results provided by the CMS and LHCb, Belle and
BaBar collaborations are showing a tension with the SM predictions in RK(∗) , which might
call for an explanation from new physics. In this work, we examine this tension in the
type-III two-Higgs doublet models. We focus on the contributions of charged Higgs boson
to the observable(s) RK(∗) and other rare processes ∆Mq (q = s, d), B → Xsγ Bs → µ+µ−
and Bq → Xsµ+µ−, which are governed by the same effective Hamiltonian. It is found
that regions of large tanβ and light charged Higgs mass mH± can explain the measured
value of RK(∗) and accommodate other B physics data as well. In contrast, the type-II
two-Higgs doublet model can not.
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1 Introduction
The Standard model (SM) has been completed by the discovery of the last missing piece,
the Higgs boson, at the Large Hadron Collider (LHC) at CERN [1, 2]. Up to now, sig-
nificant direct evidence for new physics beyond the SM need to be found at LHC with
high luminosity option. Nevertheless, CMS and LHCb collaborations have presented the
analysis for the rare processes like B → K∗µ+µ−, Bs → µ+µ− and RK(∗) = BR(B →
K(∗)µ+µ−)/BR(B → K(∗)e+e−) based on the full set Run-1 data sets. Such precision
measurements can serve as a guideline in the exploration of possible new physics.
A deviations from the SM predictions [3] reported by LHCb [4, 5] and CMS [6], later
confirmed by Belle [7] has shown in the rare process B → K∗µ+µ−, mainly in an angu-
lar observable called P ′5 [8] with a significance of 2–3σ depending on the assumptions of
hadronic uncertainties [9–11]. Also a 3.5σ discrepancy in the decay Bs → φµ+µ− [12]
has been reported by the LHCb collaboration, where the SM prediction are based on
lattice QCD computation [13, 14] and the light-cone sum rules [15]. Furthermore, a viola-
tion of lepton flavour universality has been observed by the LHCb collaborations [16],
to be precise, RK = 0.745
+0.090
−0.074 ± 0.036 , in the range 1 GeV2 < q2 < 6 GeV2, and
RlowK∗ = 0.660
+0.110
−0.070 ± 0.024 , in the range 0.045 GeV2 < q2 < 1.1 GeV2 which deviates
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by 2.6σ and 2.1σ from the SM precision prediction RSM
K(∗) = 1.0003(0.99) ± 0.0001, re-
spectively [17]. When these anomalies are combined with other observables for the rare
processes b → sµ+µ− transitions, it is found that a scenario with NP in Cµ9 (but not in
Ce9) is preferred. The best fit yielded a central value C
µ
9 ∼ −1, which deviates from the
prediction of the SM by 4.3σ [18, 19]. In contrast, the Wilsonian coefficient Cµ10 agrees
with the prediction of the SM, which can be determined to a remarkable precision by the
well measured quantity BR(Bs → µ+µ−).
New physics are introduced to explain these anomalies observed in b → s rare tran-
sitions. For example, by introducing new operators in the effective Hamiltonian, model
independent fits [8, 10, 20, 21] have been considered. It is found that the NP operators in
the form (s¯γµPLb)(¯`γ
µPL`) can be consistent with the explanations for the B → K(∗)µ−µ+
angular distributions measured by the LHCb collaboration. Z ′ models are considered in
Refs. [22–32] and leptoquark models are examined in Refs. [33, 34]. Furthermore, it has
been argued that as the violation of lepton flavour universality violation in RK as well as
in B decays [35] might be linked to neutrino oscillations [36].
In this work, we will explore these anomalies in the context of type III Two-Higgs Doublet
model (2HDM). There are several studies on B → K(∗)µ−µ+ in the type II 2HDM [37–40]
and it was found that the type-II 2HDM could not explain the anomaly of RK(∗) in the
current world average.
As a minimal extension of the SM scalar sector, the scalar spectrum of 2HDM (consists
of two charged Higgs H±, one CP-odd A, and two CP-even h and H (one of them can be
identified as SM-like Higgs boson found at the LHC). This model can accommodate the
electroweak test precision data, B physics data, and Higgs data as well. Complementary
to direct searches, indirect constraints on the general 2HDM could be obtained from the
rare FCNC decays, since Higgs bosons in this model can affect these processes through the
penguin and box diagrams. Typically, the most general version of 2HDM has non-diagonal
fermionic couplings in flavor space, and can therefore generate tree-level flavor-changing
neutral current (FCNC) phenomena, which might be inconsistent with observed data.
Several ways to suppress FCNCs have been suggested in the literature. The simplest one is
to impose Z2 symmetry which forbid unwanted non-diagonal terms. Depending on the Z2
charge assignments to the scalars and fermions, it results in four types of 2HDMs (types,
I, II, X, Y)[41]. An alternative solution is to assume the so-called Cheng-Sher ansatz in
the fermion sector which force the non-diagonal Yukawa couplings to proportional to the
mass of the involved fermions, i.e Yij ∝ √mimj/v, which is called Type-III 2HDM [43]. In
this scenario, the absence of tree-level FCNCs is automatically guaranteed by assuming the
alignment in flavor space of the Yukawa matrices. In this work, the type-III 2HDM will be
carefully examined. We find the parameter region with large tanβ (say 30 < tanβ < 50)
and light charged Higgs boson (say 150 GeV < mh± < 350 GeV) can offer an explanation
to the measured RK value and accommodate pretty well the other B physics data, like
∆Mq (q = s, d), B → Xsγ, Bq → µ+µ−, and Bq → Xsµ+µ−.
The paper is organized as follows: In section 2, we review the Yukawa sector in the
type-III 2HDM. In section 3 we study constraints from B−q′′ → τ ν¯, Bq − B¯q mixing, and
B¯ → Xsγ followed by constraints from Bq → µ+µ− and Bq → Xsµ+µ− in section 4. In
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section 5, we examine the results of RK and RK(∗) in type III of 2HDM. In section 6 we
summarize our studies.
2 Yukawa sector in the Type-III 2HDM
In this section, we briefly describe the Yukawa sector of the type-III 2HDM. In order to
derive the scalar Yukawa couplings to the SM quarks and leptons, we put the Higgs doublets
Φ1 and Φ2 as:
Φi =
(
ω+i
1√
2
(vi + hi + izi)
)
, (2.1)
where there are eight scalar fields, v1(2) is the vacuum expectation value (VEV) of Φ1(2),
which is related to the W -boson mass as mW = gv/2 with v =
√
v21 + v
2
2 ≈ 246 GeV (g
being the SU(2)L gauge coupling). After the spontaneous symmetry breaking SU(2)L ×
U(1)Y → U(1)em, three of eight scalar fields become pseudo-Nambu-Goldstone bosons.
The remaining five scalar fields are physical states, which include two charged-Higgs (H±),
one CP-odd pseudoscalar (A), and two CP-even scalars (H,h). Accordingly, the physical
and weak eigenstates can be expressed as:(
h1
h2
)
= R(α)
(
H
h
)
,
(
z1
z2
)
= R(β)
(
z
A
)
,
(
ω+1
ω+2
)
= R(β)
(
ω+
H+
)
, (2.2)
where angle α denotes the mixing between the two CP-even H and h; angle β is defined
by cosβ(sinβ) = v1(2)/v; z and ω
± denote the Nambu-Goldstone bosons, and the three
rotating matrices can be unified as:
R(θ) =
(
cos θ − sin θ
sin θ cos θ
)
. (2.3)
For the purpose of phenomenological study, it is convenient to set sin(β − α) = 1.
2.1 Neutral scalar Yukawa couplings
In the type-III 2HDM, the Yukawa couplings to the quarks and leptons can be written as:
−LY = Q¯L(Y d1 Φ1 + Y d2 Φ2)dR + Q¯L(Y u1 Φ˜1 + Y u2 Φ˜2)uR + L¯L(Y `1 Φ1 + Y `2 Φ2)eR + H.c.,
(2.4)
where the flavor indices are suppressed; Φ˜i = iσ2Φ
∗
i and σ2 is the Pauli matrix; QL(LL)
denotes the left-handed doublet quarks (leptons); uR, dR, and eR are the right-handed
up-type quarks, down-type quarks, and charged-leptons, respectively, and Y fi are the 3×3
complex Yukawa matrices in flavor space. Using Eq. (2.1), the fermion mass matrix can
be formulated as:
− LY ⊃ f¯LMffR +H.c. ≡ f¯L
(
v1Y
f
1√
2
+
v2Y
f
2√
2
)
fR +H.c. (2.5)
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Without assuming the relation between Y f1 and Y
f
2 , in general, both Yukawa matrices
cannot be simultaneously diagonalized which leads to the flavor-changing neutral currents
(FCNCs) mediated by scalar bosons at the tree level.
To diagonal fermion mass matrix, we introduce the unitary matrices UfL and U
f
R,
where the physical and weak states are related by fpL = U
f
Lf
w
L and f
p
R = U
f
Rf
w
R . Thus, the
couplings of neutral scalars to quarks can be expressed as:
−LφY = u¯L
[(
cαm
u
vsβ
− cβ−αΞ
u
√
2sβ
)
h+
(
sαm
u
sβv
+
sβ−αΞu√
2sβ
)
H
]
uR
+ d¯L
[(
−sαm
d
vcβ
+
cβ−αΞd√
2cβ
)
h+
(
cαm
d
cβv
− sβ−αΞ
d
√
2cβ
)
H
]
dR
− i
[
u¯L
(
mu
tβv
− Ξ
u
√
2sβ
)
uR + d¯L
(
tβm
d
v
− Ξ
d
√
2cβ
)
dR
]
A+H.c. , (2.6)
where mf = UfLM
fUf†R denotes the diagonal mass matrix, Ξ
u = UuLY
u
1 U
u†
R , Ξ
d = UdLY
d
2 U
d†
R ,
cα(sα) = cosα(sinα), cβ(sβ) = cosβ(sinβ), cβ−α[sβ−α] = cos(β − α)[sin(β − α)], and
tβ = tanβ. We note that the couplings of the charged-leptons can be obtained in a
straightforward way when md, Y d2 , and U
d
L,R are replaced by m
`, Y `2 , and U
`
L,R, respectively.
From Eq. (2.6), it is noticed that tree-level FCNC processes are associated with non-
vanishing Ξu, Ξd, and Ξ`; and when they vanish, it can be realized either by imposing the
alignment of the two Yukawa matrices, the Yukawa interactions are returned to the type-II
2HDM.
In order to naturally suppress the FCNCs at the tree level, we adopt the so-called
Cheng-Sher ansatz [43] in the quark and lepton sectors, where Ξf is parameterized as
Ξfij =
√
mfim
f
jχ
f
ij/v, and χ
f
ij are taken as dimensionless free parameters. Although in
general χfij 6= χfji with i 6= j, to simplify the numerical analysis, we assume χfij = χfji in
our analysis. Thus, the neutral scalar Yukawa couplings to the quarks and leptons can be
generally written as:
− LφY =
∑
f=u,d,`
mfj
v
[
(ξfh)ij f¯LifRjh+ (ξ
f
H)ij f¯LifRjH − i(ξfA)ij f¯LifRjA
]
+H.c. , (2.7)
where (ξfφ)ij with φ = h,H,A are given in Table 1.
2.2 Yukawa couplings of Charged Higgs Boson
The rotation matrix for charged scalars in Eq. (2.2) is the same as that for pseudoscalars;
therefore, the Yukawa couplings of the charged Higgs boson are similar to those of the
CP-odd scalar and can be written as:
LH±Y =
√
2
v
u¯i
(
mui (ξ
u∗
A )kiVkjPL + Vik(ξ
d
A)kjm
d
jPR
)
djH
+
+
√
2
v
ν¯i(ξ
`
A)ijm
`
jPR`jH
+ +H.c. , (2.8)
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Table 1. Yukawa couplings of the h, H, and A bosons to the quarks and leptons in type-III 2HDM.
The couplings in type-II 2HDM can be easily obtained when χfij vanish.
φ (ξuφ)ij (ξ
d
φ)ij (ξ
`
φ)ij
h cαsβ δij −
cβ−α√
2sβ
√
mui
muj
χuij − sαcβ δij +
cβ−α√
2cβ
√
mdi
mdj
χdij − sαcβ δij +
cβ−α√
2cβ
√
m`i
m`j
χ`ij
H sαsβ δij +
sβ−α√
2sβ
√
mui
muj
χuij
cα
cβ
δij − sβ−α√2cβ
√
mdi
mdj
χdij
cα
cβ
δij − sβ−α√2cβ
√
m`i
m`j
χ`ij
A 1tβ δij − 1√2sβ
√
mui
muj
χuij tβδij − 1√2cβ
√
mdi
mdj
χdij tβδij − 1√2cβ
√
m`i
m`j
χ`ij
where the sum over flavor indices is indicated, V ≡ V uL V d†L is the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, and PR,L = (1± γ5)/2 are the chiral projection operators. Since
the CKM matrix elements have hierarchy properties when different generations of fermions
are involved, in the following, we examine the possible enhancement factor for u¯ibH
+
and u¯isH
+ vertices in the type-III model. For the sake of convenience, we define CLij =
mui (ξ
u∗
A )kiVkj and C
R
ij = Vik(ξ
d
A)kjm
d
j .
ubH+ vertex: With ξu,dA shown in Table 1 and tβ > 1, the C
L
ub coupling can be simplified
as:
CLub = mu
(
1
tβ
− χ
u
11√
2sβ
)
Vub−
√
mumcχ
u
21√
2sβ
Vcb−
√
mumtχ
u
31√
2sβ
Vtb ≈ −
√
mumtχ
u
31√
2sβ
Vtb . (2.9)
It can be seen that due to O(
√
mumt/v) ∼ Vub, unless χu31  1, CLub can has a sizable
effect on the b→ u decay, where the one in type-II is negligible. The situations in CRub are
different from CLub. If we decompose C
R
ub to be:
CRub = −Vud
√
mdmbχ
d
13√
2cβ
− Vus
√
msmbχ
d
23√
2cβ
+ Vubmb
(
tβ − χ
d
33√
2cβ
)
, (2.10)
it can be seen that due to Vud
√
mdmb ∼ Vus√msmb  Vubmb, the first two terms in
Eq. (2.10) are compatible and cannot be neglected. However, if we further assume χd13,23 
0.1, we then have CRub ≈ Vub(ξdA)33mb, which is similar to the coupling in the type-II case.
c(t)bH+ vertex: Following the above discussions for the ubH+ coupling, the CLcb coupling
can be expressed as:
CLcb = mc(ξ
u∗
A )12Vub +mc(ξ
u∗
A )22Vcb +mc(ξ
u∗
A )32Vtb ≈ −
√
mcmt√
2sβ
χu32Vtb , (2.11)
where Vtb  Vcb  Vub is used. It is of interest to numerically see √mcmt/v ∼ Vcb; that
is, if χu32 or χ
u
tc is of O(1), the charged-Higgs effect C
L
cb will significantly enhance the b→ c
decays. Based on the fact that |Vcd|√mdmb  Vcs √msmb and Vcbmb, CRcb can be written
as:
CRcb ≈ −Vcs
√
msmbχ
d
23√
2cβ
+ Vcbmb
(
tβ − χ
d
33√
2cβ
)
, (2.12)
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where due to Vcbmb < Vcs
√
msmb, the first term in C
R
cb cannot be neglected except if χ
d
23 
0.1. Since t-b-H+ couplings are normally associated with large CKM matrix element with
Vtb ≈ 1, therefore, they can be expressed as: CLtb ≈ mt(ξu∗A )33Vtb and CRtb ≈ Vtb(ξdA)33mb.
u(c)sH+ vertex: To analyze the u(c)-s-H+ couplings, it is convenient to include the factor√
2/v. Thus, CL,Rus and C
L,R
cs can be reduced to be:
√
2
v
CLus ≈ −
√
mumc
sβv
χu21Vcs −
√
mumt
sβv
χu31Vts  1 (negligibly)
√
2
v
CLcs ≈
√
2mc
v
(ξu∗A )22Vcs −
√
mcmt
sβv
χu32Vts  1 (negligibly)
√
2
v
CRus
Vus
≈
√
2
v
CRcs
Vcs
≈
√
2ms
v
(
tβ − χ
d
22√
2cβ
)
. (2.13)
Although ms/v ∼ 3.9 × 10−4 in CRus,cs/v is a suppression factor, due to an enhancement
from a large tβ or 1/cβ, u(c)-s-H
± coupling can reach a few percent level. Since there is no
other enhancement factor in CLus(cs), their couplings are below 1% and can be neglected.
tsH+ vertex: mtVts ∼ 6.72 GeV < √mcmtVcs ∼ 14.8 GeV, msVts  √msmbVtb ∼ 0.66
GeV, we can simplify CL,Rts to be:
CLts ≈ −
√
mcmt√
2sβ
χu23Vcs +mt
(
1
tβ
− χ
u
33√
2sβ
)
Vts , (2.14)
CRts ≈ −Vtb
√
msmb√
2sβ
χd32 .
If χu23 > χ
u
33, numerically, we can drop the second term in C
L
ts, which only involves χ
u
23.
3 Constraints from B−q′′ → τ ν¯, Bq − B¯q mixing, and B¯ → Xsγ
From the discussions in section.2, the essential ingredients in the Yukawa sector especially
the couplings of the charged Higgs scalars to quarks and leptons are extracted. Obviously,
the new free parameters are associated to the masses of quarks in the leading contributions.
Consequently, we argued that the lightest charged Higgs with the new couplings might have
interesting phenomenologies in some rare decays which are suppressed in the SM. Hence,
in the following analysis, we will focus on the contributions of charged Higgs boson as well
as neural Higgs bosons to the relevant FCNC processes of B mesons.
3.1 Limits from B−q′′ → τ ν¯τ (q′′ = u, c)
As emphasized in section.2, we know that a CKM suppression charged-Higgs coupling in
type-II model can be turned to a CKM enhancement coupling in type-III model. Since the
CKM matrix elements are well measured in experiments, a rare decay process may give
a stringent constraint on the χu,dij new parameters when a large CKM is involved in the
interaction vertex. To understand the constraints, we consider the Bu(c) → τ ν¯τ decays,
where the branching ratio (BR) for Bu → τ ν¯τ averaged by heavy flavor averaging group
– 6 –
(HFAG) is BR(Bu → τ ν¯τ ) = (1.06 ± 0.19) × 10−4. Although Bc → τ ν¯τ has not yet been
observed, using the difference in Bc lifetime between the SM and experimental results,
the upper limit is obtained as BR(Bc → τ ν¯τ ) < 30% [44]. From Eqs. (2.9),(2.10),(2.11),
and (2.12), it can be seen that each interaction vertex may involve several parameters; in
order to understand the effects of each parameter, when we focus on one term in C
L(R)
q′′b , we
will turn off the contributions from the others if the vertex consists of one more different
Yukawa coupling. In addition, the charged-Higgs couplings to the leptons also involve new
free parameters χ`ij , which are completely independent of χ
u(d)
ij ; Thus, the charged-Higgs
couplings used in this section are expressed as:
LH±Y ⊃
√
2
v
q¯′′
[(
CLq′′bPL + C
R
q′′bPR
)
b+mτ tβ ν¯τPRτ
]
H+ +H.c. , (3.1)
where CL,Rq′′b can be found from Eqs. (2.9-2.12). Accordingly, the BR for Bq′′ → τ ν¯τ can be
given as:
BR(Bq′′ → τ ν¯τ ) = BRSM(Bq′′ → τ ν¯τ )
∣∣∣∣∣1− (C
R
q′′b − CLq′′b)m2Bq tβ
Vq′′b(mq′′ +mb)m
2
H±
∣∣∣∣∣
2
, (3.2)
BRSM(Bq′′ → τ ν¯τ ) =
G2F |Vq′′b|2
8pi
f2Bq′′mBq′′m
2
τ
(
1− m
2
τ
m2Bq′′
)2
.
Using Vub ≈ 3.72 × 10−3e−iγ with γ ≈ 70◦, Vcb ≈ 0.04 [45], mBu(c) ≈ 5.28(6.27) GeV,
fBu = 0.191 GeV [46], and fBc = 0.434 GeV [47], we obtainBR
SM(Bu → τ ν¯τ ) = 0.89×10−4
and BRSM(Bc → τ ν¯τ ) ≈ 0.02. Since BRexp(Bu → τ ν¯τ )/BRSM(Bu → τ ν¯τ ) ∼ 1.19, if the
new physics effect is required to be smaller than the SM contribution and to be within 1σ
errors of data, the free parameter can be limited as:
|δNPq′′ | =
∣∣∣∣∣(C
R
q′′b − CLq′′b)m2Bq′′ tβ
Vq′′b(mq′′ +mb)m
2
H±
∣∣∣∣∣ ≤
{
0.1 (q′′ = u) ,
4.0 (q′′ = c) .
, (3.3)
where the |δNPc | upper bound is from the result of BR(Bc → τ ν¯τ ) < 30%. Accordingly,
we show |δNPu | in the (χd23, χd33) in left plot of Fig. 1, where we assume χu31 is less than 1%
through the Bu → τ ν¯τ measurement. Since the upper bound from the Bc → τ ν¯τ decay is
still much larger than the SM result, χu32 can still be of O(1). In the right panel of Fig. 1 we
show the allowed regions in the (χd23, tanβ) plane, as it can be seen large tanβ is preferred
when χd33,23 ∼ O(1). In both plots, we use mH± = 200 GeV.
3.2 Constraints from ∆Mq
Let us now consider the bounds from the ∆B = 2 processes. It is known that the tree-level
FCNCs can be induced by the generic 2HDM, therefore, the measured ∆Mq (q = d, s)
usually gives a strict limit on the parameters Ξqij . However, due to the suppression of√
mqim
q
j/v from the Cheng-Sher ansatz, ∆B = 2 processes mediated by the neutral scalars
at the tree level are small and negligible. Therefore, the main contributions to the ∆B = 2
processes in this study are still from the box diagrams, which arise from the W± and
– 7 –
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Figure 1. Allowed ranges of |δNPu | (light green) and |δNPc | (light blue) in the (χd23, χd33)(left) and
(χd23, tanβ)(right) planes, We use mH± = 200 GeV in both plots.
H± bosons, where the typical Feynman diagrams in 2HDM mediated by W± - H∓ and
H±-H∓ are sketched in Fig. 2. In addition, the Yukawa couplings of H± to the quarks
are proportional to the quark masses. Thus, the heavier the quarks are, the lager is the
enhancement of the H± effects. Hence, we only consider the top-quark loop contributions
in B-meson system. The relevant charged-Higgs interactions are given as:
LH±Y ⊃
√
2
v
Vtbt¯
(
mtζ
u
ttPL +mbζ
d
bbPR
)
bH+ +
√
2
v
Vtq t¯
(
mtζ
u
tqPL
)
qH+ +H.c., (3.4)
where using the scheme χdij ≈ 0 (i 6= j), Eq. (2.14), and mq ≈ 0, the coefficients ζq
′
ij are
given as:
ζutt ≈
1
tβ
(
1− χ
u
33√
2cβ
)
=
zu33
tβ
, ζdbb ≈ tβ
(
1− χ
d
33√
2sβ
)
= tβz
d
33 ,
ζutq ≈
1
tβ
(
1− χ
u
33√
2cβ
− χ
u
23√
2cβ
√
mc
mt
Vcq
Vtq
)
=
zu23
tβ
. (3.5)
From Eqs. (3.4) and (3.5), it can be clearly seen that when zu33 = z
d
33 = z
u
23 = 1, the
type-II 2HDM is reproduced. Unlike the type-II model, zu33,23  1 can be achieved in
type-III model to compensate the suppression of 1/tβ at large values of tβ. It is of interest
to mention that due to the enhancement |Vcq/Vtq|, the third term, which has the factor√
mc/mtVcq/Vtq ∼ 2, in ζutq is not suppressed and can be comparable with the second
term. These new 2HDM effects may have important impacts on the flavor physics, which
– 8 –
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Figure 2. The sketched box diagrams for the Bq−B¯q mixing mediated by the W+ and H+ bosons.
we want to explore in this work. Based on the conventions in [48], the effective Hamiltonian
is written as:
H∆B=2eff =
G2F (V
∗
tbVtq)
2
16pi2
m2W
∑
i
Ci(µ)Qi , (3.6)
where the effective operators are given as:
Q1 = (d¯
α
Lγµb
α
L)(d¯
β
Lγ
µbβL)
Q2 = (d¯
α
Rb
α
L)(d¯
β
Rb
β
L)
Q3 = (d¯
α
Rb
β
L)(d¯
β
Rb
α
L) (3.7)
Q4 = (d¯
α
Rb
α
L)(d¯
β
Lb
β
R)
Q5 = (d¯
α
Rb
β
L)(d¯
β
Lb
α
R)
with α, β being the color indices. The Wilson coefficients at the scale µ = mb = 4.8 GeV
can be expressed as [48]:
Ci(mb) ≈
∑
k,j
(
b
(i,j)
k + ηc
(i,j)
k
)
ηakCj(µH) , (3.8)
where µH = mH± , η = αs(µH)/αs(mt), Cj(µH) are the Wilson coefficients at µH scale,
and the magic numbers of ai,jk , b
i,j
k , and c
i,j
k can be found in [48]. The non-vanishing Wilson
coefficients at the µH scale induced from the WW , WH, and HH diagrams shown in Fig. 2
are C1(µH) = C
SM
1 + C
WH
1 + C
HH
1 and C2(µH) = C
HH
2 , where the SM result is C
SM
1 =
4S0(m
2
t /m
2
W ) = 3.136(m
2
t /m
2
W )
0.76 ≈ 9.36 [49], and S0(x) is the Inami-Lin function [50].
If we define xt = m
2
t /m
2
W , yt = m
2
t /m
2
H± , yW = m
2
W /m
2
H± , and yb = m
2
b/m
±
H , the results
from the charged-Higgs contributions can be formulated as:
CWH1 = 2ζ
u
tqζ
u∗
tt yt
{
yt(4− xt)
(1− yt)(yt − yW ) +
yW (4yt − yWxt)
(1− yW )(yt − yW )2 ln(yW )
− ytyW
(1− yt)2(yt − yW )2
[
(1− xt)2 + 3(1− xtyt)
]
ln(yt)
}
,
CHH1 = 2xtyt(ζ
u
tqζ
u∗
tt )
2
[
1 + yt
2(1− yt)2 +
yt ln(yt)
(1− yt)3
]
,
CHH2 = 4(ζ
u
tqζ
d∗
bb )
2xtytyb
[
2
(1− yt)2 +
(1 + yt) ln(yt)
(1− yt)3
]
. (3.9)
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It is of interest to see that although CHH2 is proportional to the small factor yb, due to
zu23  1 in this study, the CHH2 contribution is significant. If we take yb = χu33,23 = 0,
our results are the same as those obtained in [51]. Since we are interested in some what
light charged-Higgs, i.e., µH is slightly higher than mt, we take η ≈ 1 in the numerical
calculations. Thus, according to Eq. (3.8) and the magic numbers in [48], the Wilson
coefficients Ci(mb) can be written as:
C1(mb) ≈ 0.848C1(µH) , C2(mb) ≈ 1.708C2(µH) , C3(mb) ≈ −0.016C2(µH) . (3.10)
The matrix elements of the renormalized operators for ∆B = 2 are defined as [48]:
〈Bq|Qˆ1(µ)|B¯q〉 = 1
3
f2BqmBqB1q(µ) ,
〈Bq|Qˆ2(µ)|B¯q〉 = − 5
24
(
mBq
mb(µ) +mq(µ)
)2
f2BqmBqB2q(µ) ,
〈Bq|Qˆ3(µ)|B¯q〉 = 1
24
(
mBq
mb(µ) +mq(µ)
)2
f2BqmBqB3q(µ) , (3.11)
where the operators Qˆ1,2,3, quark masses, and Biq parameters at mb scale in the Landau
RI-MOM scheme and the decay constants of Bq are shown in Table 2 [48, 52, 53]. Due
to Bis ≈ Bid, we will adopt Bis = Bid = Biq in the numerical estimations. As a result,
〈Bq|H∆B=2eff |B¯q〉 with the W±- and H±-boson contributions is given as:
〈Bq|H∆B=2eff |B¯q〉 = 〈Bq|H∆B=2eff |B¯q〉SM
(
1 + ∆H
±
q
)
,
〈Bq|H∆B=2eff |B¯q〉SM =
G2F (V
∗
tbVtq)
2
48pi2
m2W f
2
BqmBq ηˆ1BB1q(4S0(xt)) ,
∆H
±
q =
1
4S0(xt)
[
CWH1 + C
HH
1 +
m2BqC
HH
2
8(mb +mq)2ηˆ1BB1q
(−5ηˆ2BB2q + ηˆ3BB3q)
]
(3.12)
where ηˆ1B ≈ 0.848, ηˆ2B ≈ 1.78, and ηˆ3B ≈ −0.016 are the QCD corrections. The mass
difference between the physical Bq states can be obtained by:
∆Mq = 2|〈Bq|H∆B=2eff |B¯q〉| = ∆MSMq |1 + ∆H
±
q | . (3.13)
Taking Vtd ≈ 0.0082e−iβ with β ≈ 22.5◦, Vts ≈ −0.04, and mt = m¯t(mt) ≈ 165 GeV, the
Bq-meson oscillation parameters ∆Md,s in the SM are respectively obtained as:
∆MSMd ≈ 3.32× 10−13 GeV = 0.504 ps−1 ,
∆MSMs ≈ 1.16× 10−11 GeV = 17.60 ps−1 , (3.14)
where the current data are ∆M expd = (0.5065±0.0019) ps−1 and ∆M exps = (17.756±0.021)
ps−1 [45]. In order to consider the new physics contributions, when we use the ∆M expq to
bound the free parameters, we take the SM predictions to be ∆MSMd = 0.555
+0.073
−0.046 ps
−1
and ∆MSMs = 16.8
+2.6
−1.5 ps
−1 [46], in which the next-to-leading order (NLO) QCD correc-
tions [54–56] and the uncertainties from various parameters, such as CKM matrix elements,
– 10 –
decay constants, and top-quark mass, are taken into account. Hence, from Eq. (3.13), the
bounds from ∆B = 2 can be used as:
0.76 . |1 + ∆H±d | . 1.15 ,
0.87 . |1 + ∆H±s | . 1.38 . (3.15)
Table 2. Values of quark masses and Biq parameters at mb scale in the RI-MOM scheme. The
decay constants of the Bd,s mesons are from [46].
mb ms mq B1q B2q B3q fBs fBd
4.6 GeV 0.10 GeV 5.4 MeV 0.87 0.82 1.02 0.231 GeV 0.191 GeV
3.3 Constraint from the B¯ → Xsγ process
In addition to the ∆B = 2 processes, the penguin induced b→ sγ decay is also sensitive to
new physics. The current experimental value is BR(B¯ → Xsγ)exp = (3.32 ± 0.15) × 10−4
for Eγ > 1.6 GeV [59], and the SM prediction with next-to-next-to-leading oder (NNLO)
QCD corrections is BR(B¯ → Xsγ)SM = (3.36± 0.23)× 10−4 [60, 61]. Since the SM result
is close to the experimental data, B¯ → Xsγ will give a strict bound on the new physics
effects.
The effective Hamiltonian arisen from the W± and H± bosons for b→ sγ at µb scale
can be written as:
Hb→sγ = −4GF√
2
V ∗tsVtb (C7γ(µb)O7γ + C8γ(µb)Q8G) , (3.16)
where the electromagnetic and gluonic dipole operators are given as:
O7γ =
e
16pi2
mbs¯σ
µνPRbFµν , O8G =
gs
16pi2
mbs¯ασ
µνT aαβPRbβG
a
µν . (3.17)
C7γ(µb) and C8G(µb) are the Wilson coefficients at µb scale, and their relations to the
initial conditions at the high energy scale µH are through renormalization group (RG)
equations. The NLO [62–64] and NNLO [65] QCD corrections to the C7γ(µb) and C8G(µb)
in the 2HDM have been calculated. Based on the CSM7γ (µb) value extracted in [66], we get
CSM7γ (µb) ≈ −0.304 when BR(B¯ → Xsγ)SM = 3.36× 10−4 is applied. In order to study the
influence of the b → sγ process on the type-III model, we follow the approach in [61] and
split the BR(B¯ → Xsγ) to be:
BR(B¯ → Xsγ)× 104 ≈ (3.36± 0.23)− 8.22Re(CH±7γ )− 1.99Re(CH
±
8G ) , (3.18)
where CH
±
7γ,8G are the Wilson coefficients at µH scale, (the matching scale is µ0 ∼ mt at
which the heavy particles are decoupled [61]), and the quadratic CH
±
7γ,8G are ignored due to
the requirement of CH
±
7γ,8G < 1. Using the current experimental value, the bound on C
H±
7γ,8G
is:
8.22Re(CH
±
7γ ) + 1.99Re(C
H±
8G ) ≈ 0.04± 0.28. (3.19)
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According to the charged-Higgs interactions in Eq. (3.4), the H± contributions to CH±7γ,8G
are expressed as [62]:
CH
±
7γ = ζ
u
ttζ
u∗
ts C
H±
7,LL + ζ
d
bbζ
u∗
ts C
H±
7,RL ,
CH
±
8G = ζ
u
ttζ
u∗
ts C
H±
8,LL + ζ
d
bbζ
u∗
ts C
H±
8,RL , (3.20)
CH
±
7,LL =
yt
72
[
8y2t + 5yt − 7
(1− yt)3 −
6yt(2− 3yt)
(1− yt)4 ln(yt)
]
,
CH
±
8,LL =
yt
24
[
y2t − 5yt − 2
(1− yt)3 −
6yt
(1− yt)4 ln(yt)
]
,
CH
±
7,RL =
yt
12
[
3− 5yt
(1− yt)2 +
2(2− 3yt)
(1− yt)3 ln(yt)
]
,
CH
±
8,RL =
yt
4
[
3− yt
(1− yt)2 +
2
(1− yt)3 ln(yt)
]
. (3.21)
Taking χu33,23 = χ
d
33 = 0 in Eq. (3.20), it can be found that ζ
u
ttζ
u∗
ts in type-II 2HDM is
suppressed by 1/t2b while the tβ-dependence in ζ
d
bb ζ
u∗
ts is canceled and (ζ
d
bb ζ
u∗
ts )type−II = 1.
As a result, the mass of charged-Higgs in type-II 2HDM has been limited to be mH± > 580
GeV at 95% confidence level (CL) by using NNLO QCD corrections [67].
In the type-III 2HDM, it is observed that in the large tanβ region, due to the 1/cβ
enhancement, the ζdbbζ
u∗
ts terms still dominate. Since the new parameters χ
u
33,23/cβ and
χd33/sβ are involved in Eq. (3.20), it is possible to reduce (ζ
d
bb ζ
u∗
ts )type−II far away from
unity; thus, the charged-Higgs mass can be much lighter than 580 GeV which can be
seen in Figure.(3) left panel. In the other hand, we can get constraints on χu33 and χ
u
23
from the right panel of the same Figure.(3), it is clear that for −1 6 χu33 6 0 we obtain
−0.5 6 χu23 6 0 and for 0 6 χu33 6 1 the interval permitted for χu23 become [0, 0.5].
4 Constraints from Bq → µ+µ− and Bq → Xsµ+µ−
4.1 Constraints from Bq → µ+µ−, (q = s, d)
The effective Hamiltonian for ∆B = 1 can be written as [49, 68, 69]:
Heff = −GF√
2
α
(
V ∗tsVtb
∑
i
(CiOi + C′iO′i) .h.c
)
, (4.1)
Where Ci and C′i are Wilson coefficients encoding the short-distance physics at the energy
scale µ which is usually taken to be the b-quark mass (mb), and can be modified from SM
predictions in the presence on the new physics, while Oi are the operators given by
O9 = (s¯γµPLb)
(
¯`γµ`
)
, O10 = (s¯γµPLb)
(
¯`γµγ5`
)
, (4.2)
OS = (s¯PRb)
(
¯``
)
, OP = (s¯PRb)
(
¯`γ5`
)
, (4.3)
with PL,R = (1 ∓ γ5)/2 and mb = mb(µb) denotes the running b quark mass in the MS
scheme with µb = 4.8 GeV. The O′9,10 can be obtained from the Oi by making the re-
placements PL ↔ PR. In the SM, three operators play an important role, namely the
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Figure 3. Left panel: allowed parameter spaces of (mH± , χ
u
33, χ
d
33) with tβ = [30, 60] when the
bound from B¯ → Xsγ shown in Eq. (3.19) is satisfied. Right panel: the results of left panel project
onto χu33-χ
u
23 plane, where tβ = [30, 60], mH± = [150, 400] GeV, and χ
u
33,23, χ
d
33 = [−3, 3] are
included.
electromagnetic operator O7, and the semileptonic operators O9,10, differing with respect
to the chirality of the emitted charged leptons [70]. The SM values C9 and C9 are obtained
at the next-to-next-to-leading order (NNLO)[71, 74] and depend on the fundamental pa-
rameters of the top-quark mass and W -boson masses as well as the weak mixing angle
θW . Moreover, they are universal for the three lepton flavors ` = e, µ, τ . The other Wil-
son coefficients C′i are suppressed by mbm`/m2W . The Wilson coefficient in the SM are
C9 = 4.211 and C10 = CSM10 = - ηY Y0(m2t /m2W )/ sin2 θW = −4.103 [74, 75], where Y0 is
one-loop function [50] and ηY = 1.026 ± 0.006 summarizes the NLO corrections [50] with
mt = m¯t(mt). In the general 2HDM, b → s transition is mediated by gauge boson Z,
Goldsotne boson G0, and neural Higgs bosons h, H and A penguin diagrams, as well as
box diagrams mediated with W±, H± and G± which lead to additional contributions to Ci
(i = 7, 9, 10) and could make the chirality-flipped operators Oi (i = 7, 9, 10) to contribute
in a significant manner through the Z- and γ diagrams shown in Fig.4. In the following we
separate the contribution in two categories penguins and boxes, the scalar charged Higgs
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Figure 4. The sketched electroweak penguin and box diagrams for b → s`+`− mediated by H±
and W± bosons.
boson contribution comes from Z and γ-penguin are :
C9 = ξ
u
ttξ
u∗
ts f3(xt, yH±) + ξ
d
bbξ
u∗
ts xdf4(xt, yH±) + ηWC10 − 4η′WRe(ξuttξµ∗22xµf5(xt, yH±))
+ η′W ξ
u
ttξ
u∗
ts |ξµ22|2xµf6(xt, yH±) + η′WRe(ξuttξµ∗22 )xµf7(xt, yH±) (4.4)
C10 = η
′
W
(
ξuttξ
u∗
ts f8(xt, yH±) + ξ
d
bbξ
u∗
ts xbf9(xt, yH±) + ξ
u
ttξ
u∗
ts |ξµ22|2xµf10(xt, yH±) (4.5)
+ Re(ξuttξ
µ∗
22 )xµf11(xt, yH±)
)
CP =
√
xbxµ
[
ξu∗tt ξ
d
bbη
′
W g1(xt, yH±) + ξ
u
ttξ
u∗
ts
(
g2(xt, yH±)− η′W g3(xt, yH±)
)
(4.6)
+ η′W
(
ξµ22ξ
u∗
tt g4(xt, yH±)− ξµ∗22 ξuttg5(xt, yH±)− 2ξdbbξµ∗22 g6(xt, yH±)
)]
CS =
√
xbxµη
′
W
[
ξµ22ξ
u∗
tt g4(xt, yH±) + ξ
µ∗
22 ξ
u
ttg5(xt, yH±) + 2ξ
d
bbξ
µ∗
22 g6(xt, yH±)
]
(4.7)
where ηW = (−1 + 4 sin2 θW ) and η′W = sin−2 θW . With xi = m2i /m2W with i = t, b, µ and
yH± = m
2
H±/m
2
W . The corresponding loop functions fi and gi can be found in Appendix
A. In what follow, we will concentrate our discussion on the Wilson coefficients C9 and C10
which can be extracted from different angular observables, in particular in the case of B →
K∗µ+µ− which provides a several observables through angular study of the decay which
have been experimentally studied at LHCb[76, 77] , CMS[6, 78], ATLAS[79], Belle[7, 80]
and BABAR [81]. Several observables have shown deviations from SM predictions. It
started with the set of observables P ′5, Q5 = P
′µ
5 − P ′e5 , forward-backward asymmetry
(AFB), lepton-flavour universality violating ratio RK∗ .
Several global fits exist for NP contributions to the Wilson coefficients C9,10 [10, 22, 82].
These fits includes the branching ratios of B → Kµ+µ−, B → K∗µ+µ−, Bs → φµ+µ−,
Bs → Xsµ+µ− (restricted only to the range q2 ∈ [1,6] GeV2), B → Xsγ, Bs → µ+µ− as
well as some isospin symmetry and time-dependent CP asymmetry of B → K∗γ. To be
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more conservative, we use the central values given by:
C7 = −0.017± 0.030, C9 = −1.02± 0.27, C10 = 0.16± 0.24, (4.8)
and we use the following correlation coefficients ρC7,C9 = −0.28 and ρC9,C10 = +0.06. These
bounds can be used to impose constraints on our parameters space. We show in Figure.(5)
the correlation between Wilson coefficients in the allowed region with the same parameters
as in Figure.(3) and taking into account constraints from BR(b→ sγ) at 95% CL. As can
be seen C9 < 0 is preferred by data, and the possibility C9 = −C10 can also be a good fit.
The expression for the branching ratio Bs → µ+µ− is given by
Table 3. Current measurement with 1 GeV2 < q2 < 6 GeV2.
BR(B → Xsµ+µ−)[57] BR(Bs → µ+µ−)[58]
(0.66+0.82+0.30−0.76−0.24 ± 0.07)× 10−6 (2.4+0.9−0.7)× 10−9
-3 -2 -1 0 1 2 3-3
-2
-1
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C9
C
10
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Figure 5. Correlation between Wilson coefficients in the allowed region of BR(b → sγ) at 95%
CL and the Eq.(4.8).
BR(Bs → µ+µ−) = τBsm3Bsf2BSm2µβ
α2G2F
16pi3
|VtbVts|2
[∣∣∣∣C10 + m2Bs2m`(mb +ms)CP
∣∣∣∣2 (4.9)
+
m4Bsβ
2
4m2` (mb +ms)
2
∣∣∣∣CS∣∣∣∣2]
with β = (1−4m2µ/m2Bs)1/2, where C9 does not contribute. In the above relation BR(Bs →
µ+µ−) is calculated by ignoring the Bs − B¯s mixing. Experiments measure the average
time-integrated branching ratio denoted by BR(Bs → µ+µ−) and the two are related as
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BR(Bs → µ+µ−) = 1+ys∆As1−y2s BR(Bs → µ
+µ−). Where ys = 0.062 ± 0.006 [45, 59, 83]
and ∆As is the CP asymmetry due to vanishing width difference, which is ∆As = +1 in
the SM, but in general it can be ∆As ∈ [−1, 1] [84]. The SM prediction of the branching
ratio of a Bs meson decaying into two muons is calculated to be BR(Bs → µ+µ−)SM =
(3.66 ± 0.23) × 10−9. This prediction is particularly precise thanks to the purely leptonic
final state which reduce the dependence on computations of the strong force. A fit to the
invariant mass of the dimuon candidates mµµ have been performed by LHCb and CMS
groups. The measured Branching ratio is given in Table.3 with 6.2 standard deviations. In
order to probe new physics effects, it’s convenient to define the quantity RBs by
RBs =
BR(Bs → µ+µ−)
BR(Bs → µ+µ−)SM
=
∣∣P ∣∣2 + ∣∣S∣∣2 (4.10)
where S and P are given by[72]
P =
C10
CSM10
+
m2Bs
2mµ(mb +ms)
CP
CSM10
and S =
m2Bsβ
2mµ(mb +ms)
CS
CSM10
(4.11)
In the SM, C10 = C
SM
10 , then PSM = 1 and SSM = 0. Combining the experimental values
we get: RBs = 0.90
+0.42
−0.34 . Although the uncertainty in this ratio is somewhat large, values
smaller than unity seem to be preferred. In type-II 2HDM, the CS and CP contributions to
Eq.(4.11) are suppressed [73] unless for large Yukawa couplings, however in type-III 2HDM,
it gets large enhancements from the ξu,dtt,bb parameters, where the contribution depends also
on mH± and tanβ.
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
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0.8
1.0
1.2
|P|
|S|
Figure 6. Correlations between Wilson coefficients P and S. Taking into account constraints from
Eq. (4.8) as well as from BR(b→ sγ). Yellow band represent 2σ of RBs .
Other complementary information on Wislon coefficients can be extracted from the
decay Bq → Xsµ+µ− branching ratios in the range 1 GeV2 < q2 = m2µµ < 6 GeV2. We
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use the integrated rate as given in Ref [74]:
BR(Bq → Xsµ+µ−) =
(
2.1913− 0.001655I(r10) + 0.0535I(r7) + 0.00496I(r7r∗9)
− 0.0118I(r9)− 0.5426R(r10) + 0.0281R(r7) + 0.0153I(r∗10r7)
− 0.8554I(r7r∗9) + 2.7008R(r9)− 0.10705I(r9r∗10) + 10.7687|r10|2
+ 0.2889|r7|2 + 1.4882|r9|2
)
× 10−7 (4.12)
where ri = Ci/C
SM
i . The SM predictions is BR(Bq → Xsµ+µ−) = (1.59± 0.11)× 10−6.
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Figure 7. 90%CL bounds in the (C9, C10)(left) and (C9, C7)(right) planes following the experi-
mental branching ratio of BR(Bq → Xsµ+µ−). The scatter points correspond to expectation in
type-III-2HDM.
We impose the experimental bound on BR(B → Xsµ+µ−) at 90%CL and include
constraints from Eq.(4.8). We present in Fig.7 the resulting allowed scatter points in the
(C9, C10)(left) plane with C7 = −0.017 and C10 = 0.16 in the right plot. The regions in
Fig.7 suggest that the best fit to data is achieved if non-zero contributions are present for
C7,9,10 Wilson coefficient that involve muons and those C7,9,10 6= 0 seem to be preferred.
5 Predictions of RK and RK∗ in type III of 2HDM
In terms of the operators of the type (4.3).The dependence on the Wilson coefficients of
RK and RK∗ in the bins [1, 6] GeV
2 and [1.1, 6] GeV2, respectively can be expressed as
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[11]:
RK = 10
−2
(
2.9438
(|C9|2 + |C10|2)− 2Re(C9(0.8152 + i0.0892)) + 0.2298), (5.1)
RlowK∗ = 10
−2
(
3.586
(|C9|2 + |C10|2)− 2Re(C9(2.021 + i0.188)) (5.2)
− 2Re(C9(5.255 + i0.239)) + 31.658
)
.
It is clear that a decrease in RK(∗) compared to the SM prediction can be achieved only
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Figure 8. Right: Correlations between RK and R
low
K∗ in type-III 2HDM by taking all in the text.
Left: projection of all constraints in the (C9, C10) plane.
for C9,10 = 0. The NP contributions to the Wislon coefficients have further consequences
than simply altering the RK(∗) observables, and it is crucial to notice that the sizes of C9,10
that are allowed in type-III 2HDM in order to accommodate the RK(∗) anomalies are also
in the region preferred by b → s transitions, for instance, Bq → Xsµ+µ−, Bq → µ+µ−
and B → Xsγ. In Fig.8(left), the projected constraints from RK and RlowK∗ and together
with B → Xsµ+µ− are shown within the current experimental limit (1σ). The values
of χu,dij , tanβ and mH± varied as in Fig.3, compatible regions where obtained for large
|χu,d33 |, |χµ22| ∼ 3 and positive χd23 ∼ 1. Given that |C9| ∼ |C10| is the most preferred scenario,
it becomes obvious that RK ∼ RlowK∗ as shown in the right plot of Fig.8 with the current
experimental limit (1σ), and the SM lines are also shown. Interestingly, accommodating
the RK(∗) implies that the value of RBs should deviate from the SM prediction by 10%
from the central value. A more precise measurement of Bs → µ+µ− branching fraction
will provide more information on C10 and so that RK(∗) .
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6 Summary
The recent years of activity at the LHC have brought to light several anomalies in exclusive
semileptonic decays. Even though the latest model independent analyses are pointing to
sizable NP contributions to different Wilson coefficients. The possibility of interpreting
these results in the current situation of the SM is not possible, so it would be worth
studying the possibility beyond the SM such as general 2HDM.
In this work, we have studied these anomalies in the context of type-III 2HDM, unlike
2HDM-II, it would be still possible to have relatively light charged scalar in the range
200-400 GeV. By taking constraints from ∆Mq (q = s, d), B → Xsγ Bs → µ+µ− and
Bq → Xsµ+µ− we have studied the implications of G2HDM on RK(∗) to identify how large
deviations from the SM predictions are possible.
To obtain compatible RK(∗) measured by LHCb, Belle and BaBar a scenario with
a large negative C9 is found due to the charged-scalar exchanges through the Z- and γ-
penguin diagrams and under the assumptions of light charged Higgs, large tanβ with
moderate Yukawa couplings of the order of O(1). Moreover, of particular interest is the
RBs ratio whose value has been measured to be smaller than its SM prediction by a factor
of 10%. In type-III 2HDM we found that RK(∗) are predicted to be similar. Finally, future
precise measurement of the RK(∗) would be very helpful to provide a more definite answer
concerning b → s transitions at the LHCb, Belle and BaBar collaborations restricting
further or even deciphering the NP models.
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A Loop functions
We collect in this appendix the various functions appearing in the processes computed in
the text with two variables obtained from the penguin and box diagrams.
f1(x, y) =
x
72
[
7y2 − 5yx− 8x2
(y − x)3 +
6yx(3x− 2y)
(y − x)4 log
(y
x
)]
(A.1)
f2(x, y) =
x
12
[
3y − 5x
(y − x)2 +
2y(3x− 2y)
(x− y)3 log
(
x
y
)]
(A.2)
f3(x, y) =
x
108
[
38y2 − 79xy + 47x2
(y − x)3 −
6(4y3 − 6y2x+ 3x3)
(y − x)4 log
(y
x
)]
(A.3)
f4(x, y) =
x
108
[−37y2 + 8xy + 53x2
(y − x)4 +
6(2y3 + 6y2x− 9yx2 − 3x3)
(y − x)5 log
(y
x
)]
(A.4)
f5(x, y) =
x
8(y − x)
[ −1
(y − 1) +
y(1− y) log(x)
(y − x)(x− 1)(y − 1) −
y(x+ 1− 2y) log(y)
(y − x)(y − 1)2
]
(A.5)
f6(x, y) =
x
16
[ −1
(y − x) +
x
(y − x)2 log
(y
x
)]
(A.6)
f7(x, y) =
x
8
[
(x+ 2) log(x)
(y − x)(x− 1) −
(y + 2) log(y)
(y − x)(y − 1)
]
(A.7)
f8(x, y) =
x2
8
[
1
(y − x) −
y
(y − x)2 log
(y
x
)]
(A.8)
f9(x, y) =
x
16
[
y + x
(y − x)2 −
2xy
(y − x)3 log
(y
x
)]
(A.9)
f10(x, y) =
x
16
[ −1
(y − x) +
x
(y − x)2 log
(y
x
)]
(A.10)
f11(x, y) =
x
8
[
(x− 2) log(x)
(y − x)(x− 1) −
(y − 2) log(y)
(y − x)(y − 1)
]
(A.11)
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g1(x, y) =
x
16
[
x− 3y
(y − x)2 +
2y2
(y − x)3 log
(
y
x
)]
(A.12)
g2(x, y) =
x
216
[
38y2 + 54y2x− 79yx− 108yx2 + 47x2 + 54x3
(y − x)3 (A.13)
− 6(4y
3 + 9y3x− 6y2x− 18y2x2 + 9yx3 + 3x3)
(y − x)4 log
(
y
x
)]
(A.14)
g3(x, y) =
3x
432
[
2y2 + 36y2x− 7yx− 72yx2 + 11x2 + 36x3
(y − x)3 (A.15)
− 6x(6y
3 − 12y2x+ 6yx2 + x2)
(y − x)4 log
(
y
x
)]
(A.16)
g4(x, y) =
x
8(y − x)
[
x
x− 1 log(x)−
y
y − 1 log(y)
]
(A.17)
g5(x, y) =
x
8(y − x)
[
1− y − x
2
(x− 1)(y − x) log(x)−
y(x− 1)
(y − 1)(y − x) log(y)
]
(A.18)
g6(x, y) =
x
8(y − x) log
(
x
y
)
(A.19)
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